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Sex chromosomes are generally believed to have descended from a
pair of homologous autosomes. Suppression of recombination
between the ancestral sex chromosomes led to the genetic degen-
eration of the Y chromosome1. In response, the X chromosome
may become dosage-compensated1,2. Most proposed mechanisms
for the degeneration of Y chromosomes involve the rapid ®xation
of deleterious mutations on the Y1. Alternatively, Y-chromosome
degeneration might be a response to a slower rate of adaptive
evolution, caused by its lack of recombination3. Here we report
patterns of DNA polymorphism and divergence at four genes
located on the neo-sex chromosomes of Drosophila miranda. We
show that a higher rate of protein sequence evolution of the neo-
X-linked copy of Cyclin B relative to the neo-Y copy is driven by
positive selection, which is consistent with the adaptive hypoth-
esis for the evolution of the Y chromosome3. In contrast, the neo-
Y-linked copies of even-skipped and roundabout show an elevated
rate of protein evolution relative to their neo-X homologues,
probably re¯ecting the reduced effectiveness of selection against
deleterious mutations in a non-recombining genome1. Our results
provide evidence for the importance of sexual recombination for
increasing and maintaining the level of adaptation of a popula-
tion.
Well-studied sex chromosome systems, such as those of humans
or Drosophila melanogaster, are very ancient and show few signs of
their evolutionary origins4,5. In D. miranda, a neo-sex chromosome
system has resulted from a recent chromosome fusion between the
Y chromosome and an autosome (Muller's element C (ref. 6);
Fig. 1). The fused autosome, the neo-Y chromosome, is transmitted
patrilineally. Its homologue segregates with the X chromosome,
forming the neo-X chromosome. The closest relatives of D. mir-
anda, D. pseudoobscura and D. persimilis (from which it diverged
about 2 million years ago7), lack the fusion, setting an upper limit to
the age of the neo-sex chromosomes. Because male Drosophila have
achiasmate meiosis8, the neo-Y never recombines, and so is subject
to the same evolutionary forces responsible for the degeneration of
`true' Y chromosomes. Indeed, the neo-sex chromosomes of D.
miranda show many characteristics of the much older true sex
chromosomes. The neo-Y has degenerated substantially9, whereas
the neo-X chromosome has evolved partial dosage compensation2.
There is compelling evidence that much of the human Y chromo-
some is derived from a single autosomal region added to the original
Y chromosome10; that is, it is also a degenerate neo-Y chromosome.
The different evolutionary processes that might be involved in Y-
chromosome degeneration leave different footprints of variation
and evolution at the molecular level1, and so can be examined
empirically. Here we report levels of polymorphism and divergence
at four genes, Cyclin B (CycB), roundabout (robo), engrailed (eng)
and even-skipped (eve), located on both the neo-X and neo-Y
chromosomes of D. miranda. The use of degenerate primers for
PCR, and screening of a genomic library, allowed the isolation of
these genes from D. miranda (see Methods). In situ hybridization of
probes to the polytene chromosomes con®rmed their expected
position on the neo-sex chromosomes of D. miranda (their
positions on the polytene map11 are: CycB, 32A; robo, 33C; eng,
31D; eve, 23A). For CycB, robo and eve, both coding and non-coding
sequence data were obtained; for eng, only the intron sequence was
investigated. The use of reverse-transcriptase-mediated polymerase
chain reaction (RT±PCR) with primers spanning an intron con-
®rmed that, for CycB, eve and robo, both alleles are transcribed and
spliced in male ¯ies, indicating that both the neo-X and the neo-Y
copies are probably under selective constraints. For outgroup
comparisons, all genes were isolated by PCR from D. pseudoobscura,
in which Muller's element C is autosomal (Fig. 1).
We investigated nucleotide variation in 12 wild-derived lines of
D. miranda (Table 1). A total of 5.2 kilobases per individual were
surveyed for the homologous regions on the neo-X and neo-Y
chromosomes. Between the neo-X-linked and the neo-Y-linked
genes investigated, there are 106 ®xed differences and no shared
polymorphisms, which is consistent with a lack of recombination
between the neo-sex chromosomes. Net silent-site divergence12
between the neo-X and neo-Y alleles is 2.8%; combining this with
previous data13, and assuming a silent substitution rate of 1.2 ´ 10-8
per site per year for Drosophila14, this yields a total divergence time
of 2.2 million years, giving an age of about 1.1 million years for the
neo-sex chromosome system. On the neo-X chromosome, 61
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Figure 1 Phylogenetic relationships between the species investigated, constructed from
the coding region of CycB. The numbers shown above the lines give the estimated Ka
values (percentages) for each lineage obtained by maximum likelihood19; the
corresponding Ks values are given below the lines. The karyotypes of the species are also
illustrated. The letters A±E indicate the ®ve major chromosomes of the basic Drosophila
karyotype6. In D. miranda, element C is fused to the true Y chromosome (neo-Y, shown in
grey), and its unfused homologue, the neo-X, segregates with the X chromosome. The
relatives of D. miranda lack the Y±C fusion. (Note that D. subobscura lacks the A±D fusion
found in the other species6).
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segregating sites were observed (27 silent single-nucleotide poly-
morphisms, 4 replacements, 25 non-coding sites and 5 insertion or
deletion events. In contrast, the homologous neo-Y-linked regions
almost completely lacked variability: only two singleton variants
(one synonymous, one non-coding) were detected. Under the
standard neutral model, genetic diversity is proportional to the
product of the effective population size, Ne, and the mutation rate
15.
If no selective forces are operating, Ne for the neo-Y chromosome
should be one-third that of the neo-X chromosome, assuming
random variation in offspring number for each sex16. Our data
show that the diversity level for the neo-Y chromosome is reduced
30-fold compared with that for the neo-X. This result is consistent
with our previous ®nding of a ,25-fold reduction in microsatellite
variability on the neo-Y chromosome of D. miranda17. The overall
rate of silent substitution on the neo-Y branch of the tree connecting
the neo-X and neo-Yof D. miranda and D. pseudoobscura (Fig. 1) is
similar to that for the neo-X branch, showing that the difference in
diversity is not caused by a lower mutation rate of the neo-Y-linked
genes (Table 1). A likelihood method was used to quantify the
reduction in diversity of the neo-Y chromosome, combining both
the microsatellite and the sequence data. Coalescent simulations
yield a maximum-likelihood estimate of the ratio of Ne for the neo-
Y chromosome to that for the neo-X of 0.04 (Fig. 2). This is
consistent with the expectation of a substantial reduction in Ne
under various forms of selection acting on a non-recombining
genome1. A similar magnitude of reduction in nucleotide poly-
morphism has also been observed on an evolving plant Y
chromosome18.
A large reduction in Ne for the neo-Y chromosome greatly
reduces the rate of ®xation of bene®cial mutations on the neo-Y
chromosome3, and increases the rate of ®xation of deleterious
mutations1. If loci on the neo-X chromosome continue to adapt
and their homologues on the neo-Y fail to do so, it is advantageous
to upregulate X-linked genes and downregulate their maladapted Y-
linked homologues3. Similarly, an accumulation of deleterious
alleles on the neo-Y favours increased activity of neo-X genes
relative to their neo-Y homologues1. Both processes can therefore
lead to the observed inactivation of neo-Y-linked genes9 and to
dosage compensation2.
Comparisons with the outgroup species reveal that the neo-X-
linked copy of CycB has a very high rate of protein evolution (Table 1
and Fig. 1). Twenty-three amino-acid replacement substitutions
were observed on the branch of the phylogeny leading to the neo-X,
but only nine occurred on the neo-Y branch. This difference is not
the result of an increased mutation rate on the neo-X, as the
proportion of synonymous substitutions per synonymous site, Ks,
is very similar on the neo-X and neo-Y lineages (Ks < 0.06 for both
branches (Table 1)). For phylogenetic analysis of the nucleotide
substitutions, CycB was also ampli®ed from D. persimilis, D. af®nis
and D. subobscura, which are all members of the obscura subgroup of
Drosophila, to which D. miranda belongs6. Likelihood analysis19
indicates that the ratio of the non-synonymous to synonymous
substitution rate (Ka/Ks) differs signi®cantly between branches
(2DL = 31.9, d.f. = 8, P , 0.0001 (Fig. 1)). A model of a single
Ka/Ks ratio for all branches was compared with a model of a speci®c
ratio for the neo-X branch plus a second rate common to all other
branches (two-rate model). The latter ®tted the data signi®cantly
better (2DL = 18.4, d.f. = 1, P , 0.00002), whereas a model with a
different Ka/Ks ratio for each branch did not signi®cantly improve
the likelihood over the two-rate model (2DL = 13.4, d.f. = 7,
P < 0.06). This suggests that most of the heterogeneity in the Ka/Ks
ratio between branches of the phylogeny re¯ects an elevated rate on
the branch leading to the neo-X chromosome (Fig. 1).
Heterogeneity in the Ka/Ks ratio between lineages might be caused
either by positive selection or by relaxed selective constraints in
some lineages12. If the elevated rate of amino-acid replacements on
the neo-X were solely a consequence of reduced functional con-
straints, the ratio of synonymous to replacement substitutions
would be similar for polymorphisms within D. miranda and for
®xed differences between D. miranda and its relatives20. However, a
signi®cant excess of the ratio of replacement to silent substitutions
relative to polymorphisms was found for comparisons involving the
neo-X-linked copy of CycB (Table 2), suggesting that directional
darwinian selection has driven the rapid evolution of CycB on the
neo-X chromosome20. In addition, the recent ®xation of an advan-
tageous mutation reduces neutral polymorphism around the site
that is the target of selection21. Consistent with the selection
hypothesis is a decrease in variability at CycB (Table 1). The level
of polymorphism is about 4-fold lower than estimates for the other
neo-X-linked genes investigated (see Table 1). By the HKA test22, the
level of neo-X silent polymorphism relative to divergence from
D. pseudoobscura at CycB is signi®cantly lower than that for all three
other genes (eve, eng and robo (P , 0.01)). This result is consistent
with the idea that the neo-X chromosome experiences a faster rate
of adaptive evolution than the non-recombining neo-Y.
In contrast, eve and robo both show a higher rate of amino-acid
replacements on the neo-Y chromosome than their neo-X homo-
logues (Table 1). Maximum-likelihood analysis of the combined
Table 1 Patterns of polymorphism and divergence from D. pseudoobscura for the neo-sex-linked genes of D. miranda
CycB robo eve eng
Neo-X Neo-Y Neo-X Neo-Y Neo-X Neo-Y Neo-X Neo-Y
...................................................................................................................................................................................................................................................................................................................................................................
Size (base pairs) 1,899 1,827 1,766 1,766 1,228 1,212 387 363
Segregating sites 5 1 20 0 27 1 9 0
vW per site (%)* 0.212 0.046 0.705 0 1.160 0.045 0.808 0
p per site (%)* 0.205 0.023 0.776 0 1.117 0.023 0.747 0
Codons 542 542 1,398 1,398 362 362 0 0
Ks (%) 6.26 5.73 3.16 4.33 4.19 7.05 ± ±
Ka (%) 2.51 1.10 0.25 0.93 0.00 0.24 ± ±
Ka/Ks 0.40 0.17 0.08 0.21 0.00 0.03 ± ±
...................................................................................................................................................................................................................................................................................................................................................................
* vW and p are the two commonly used measures of nucleotide diversity, based on the numbers of segregating sites and mean numbers of pairwise differences between alleles, respectively
28; silent-site
diversities per site are given.
Table 2 McDonald±Kreitman tests of neutrality at CycB
Fixed Polymorphic
Comparison Synonymous Replacement Synonymous Replacement P*
...................................................................................................................................................................................................................................................................................................................................................................
Neo-X/neo-Y 14 30 5 0 ,0.01
Neo-X/D. pseudoobscura 20 27 4 0 0.04
Neo-Y/D. pseudoobscura 17 12 1 0 0.68
...................................................................................................................................................................................................................................................................................................................................................................
* The P values are from two-tailed Fisher's exact tests, comparing numbers of synonymous versus replacement changes in the ®xed and polymorphic categories, respectively.
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sequence data set for eve and robo was used to compare a model in
which Ka/Ks was assumed to be the same on the neo-X and neo-Y
branches with a model in which it was allowed to differ; the latter
®tted the data signi®cantly better (2DL = 6.1, d.f. = 1, P = 0.01). In
addition, Ka/Ks on the neo-Y branch of CycB was higher than on the
other branches of the phylogeny (except for the neo-X branch; see
Fig. 1). Several lines of evidence suggest that the acceleration of the
rate of amino acid substitution on the neo-Y chromosome is not
due to a lack of functional constraints on the coding region of eve
and robo. Using RT±PCR, we demonstrated that the neo-Y-linked
copies of both genes are transcribed. The entire coding sequences of
eve and robo were analysed, and contained no stop codons or frame-
shift mutations. A ratio of Ka/Ks of 1 is expected for a gene that is
evolving entirely neutrally, as was found for the Lcp genes on the
neo-Y chromosome of D. miranda13, whereas a lower ratio is expected
for genes subject to functional constraints12. Eve and robo display a
very low Ka/Ks ratio on the neo-Y chromosome (Table 1), suggesting
that both genes are under selective constraints. These results, together
with the large reduction in Ne for the neo-Y chromosome, suggest
that many amino-acid substitutions in these genes are slightly
deleterious and that natural selection has not been able to prevent
their accumulation on the neo-Y branch1. A similar effect has been
reported for some other non-recombining genomes23,24.
The adaptive signi®cance of sexual recombination is one of the
most puzzling problems in evolutionary biology25,26. Most asexual
lineages of eukaryotes seem to become extinct at a higher rate than
their sexual relatives25,27. Similarly, the Y chromosome is prone to
degeneration once it stops recombining with the X1. The dismal
fates of clonally transmitted species and genomes suggest that
genetic recombination is necessary for their persistence over long
periods of evolutionary time. Theoretical models predict that sexual
populations should be more effective in incorporating new ben-
e®cial mutations and preventing the accumulation of deleterious
alleles25,26. Our evidence for both faster adaptation on the recom-
bining X chromosome and the accumulation of deleterious muta-
tions on the non-recombining Y chromosome suggests that both
processes may be important in conferring an evolutionary advan-
tage to sex and recombination. M
Methods
Isolation of genes, sequencing and RT-PCR
CycB and robo were isolated from a genomic library constructed from D. miranda males
(strain 0101.3 (ref. 13) using the Lambda FixII Library kit (Stratagene). eve and eng were
isolated by using degenerate primers designed from regions conserved between D.
melanogaster and D. virilis. Allele-speci®c primers were used for PCR ampli®cation of the
neo-X-linked and neo-Y-linked copies of CycB and robo from male genomic DNA,
followed by direct sequencing of both strands of the PCR products. The neo-Y-speci®c
primers only amplify a product in males, while the neo-X-speci®c primers amplify in both
sexes. For eng and eve, PCR primers amplifying both copies were used, and the ampli®ed
product was cloned with the TOPO TA cloning kit (Invitrogen). Clones containing either
the neo-X or neo-Y copy were distinguished by a size difference in the cloned PCR
products in the case of eng, or by a HaeII restriction site for eve. To exclude PCR errors, at
least three independent clones per allele and individual were analysed (the PCR error rate
was found to be 0.00092 per base pair). For the population survey, 12 strains of D. miranda
were sequenced (see ref. 13 for description of the strains), using the ABI Prism BigDye
Chemistry (Perkin-Elmer) on an ABI 377 automated sequencer.
Total RNA from male D. miranda (strain MSH 38 (ref. 13) was extracted with the RNA
STAT-60 kit, and ®rst-strand cDNA synthesis was performed with random or dT primers
and the cDNA Cycle kit (Invitrogen). Primers spanning at least one intron were used to
PCR-amplify the neo-X and the neo-Y copies. Ampli®cation products were cloned with
the TOPO TA cloning vector and sequenced.
Sequence analysis
Sequences of D. miranda and D. pseudoobscura were aligned manually. Nucleotide
diversity was calculated as described28. To align the coding region of CycB between the
more diverged members of the obscura species group, the translated proteins were aligned
by using CLUSTAL X (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/) and the nucleotide
alignment was constructed from the protein alignment. The phylogeny based on the
coding region of CycB was derived by using PUZZLE (ftp://ftp.ebi.ac.uk/pub/software/
mac/puzzle/) and is shown in Fig. 1. Ka and Ks were calculated with a maximum-likelihood
method, which accounts for unequal transition and transversion rates and unequal base
and codon frequencies19. A likelihood ratio test was used to test different models of
evolution by application of the codeml program within the PAML software package19. A
model assuming the same Ka/Ks ratio for all branches was compared with a model
assuming a different Ka/Ks ratio for all or some branches of the phylogeny. Twice the
difference in log-likelihood between models is assumed to be distributed approximately as
x2, with degrees of freedom equal to the difference in the numbers of parameters.
Coalescent process simulations
Coalescent simulations with the standard algorithm of Hudson29 were performed to
obtain a maximum-likelihood estimate of the reduction in Ne for the neo-Y chromosome
compared with that of the neo-X, combining both the nucleotide polymorphism data set
presented here and data on microsatellite variability17. Whereas all loci on the neo-Y share
one genealogy, the loci on the neo-X are probably independent. We therefore generated 11
independent trees for a data set of 12 chromosomes for the neo-X (7 microsatellite loci and
4 genes), whereas a single tree with 11 completely linked loci was computed for the neo-Y.
Microsatellite mutations were superimposed on the trees following the single stepwise
mutation model described in ref. 17. In short, seven random estimates of v = 4Nem (where
m is the mutation rate per microsatellite locus) were drawn from a gamma distribution for
each run, and mutations using the resulting v values were laid down on the trees in
accordance with Poisson distributions, using the same values of v for homologous loci.
The mean variance in repeat number per locus, VÅ, across the seven loci was then calculated.
After each run, DVsim = (VÅ X - VÅ Y)/VÅ X for the simulated data set was computed. For each
gene, the total number of segregating mutations (CycB, 6; robo, 20; eve, 28; eng, 9) were
assigned to the simulated neo-X and neo-Y trees in proportion to their lengths. After each
run, the total numbers of segregating sites on the neo-X (SX) and on the neo-Y (SY) were
determined and the quantity DSsim = (SX - SY)/SX was computed. To estimate the
reduction in Ne for the neo-Y loci, the tree length (in units of 2Ne generations) was
multiplied by a scaling factor k before mutations were laid down on the neo-Y tree.
The simulations can be used to determine the likelihood of a pair of (DVsim, DSsim) for a
given value of k. n replicas are generated for each value of k. The number of runs Md where
|DVsim - DVobs| # d and |DSsim - DSobs| # d was determined, where d is a preassigned mesh
size for the continuous variables DVand DS. Following ref. 30, the likelihood of the sample
is approximated by
LkjDV ;DS 
1
n
MdDV ;DS
Here, n is 105 and d is 0.02.
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Most phenotypic diversity in natural populations is characterized
by differences in degree rather than in kind. Identi®cation of the
actual genes underlying these quantitative traits has proved
dif®cult1±5. As a result, little is known about their genetic archi-
tecture. The failures are thought to be due to the different
contributions of many underlying genes to the phenotype and
the ability of different combinations of genes and environmental
factors to produce similar phenotypes6,7. This study combined
genome-wide mapping and a new genetic technique named
reciprocal-hemizygosity analysis to achieve the complete dissec-
tion of a quantitative trait locus (QTL) in Saccharomyces cerevi-
siae. A QTL architecture was uncovered that was more complex
than expected. Functional linkages both in cis and in trans were
found between three tightly linked quantitative trait genes that
are neither necessary nor suf®cient in isolation. This arrangement
of alleles explains heterosis (hybrid vigour), the increased ®tness
of the heterozygote compared with homozygotes. It also demon-
strates a de®ciency in current approaches to QTL dissection with
implications extending to traits in other organisms, including
human genetic diseases.
We chose the high-temperature-growth phenotype (Htg),
common to clinically derived yeast isolates8±10 as a quantitative
trait, because this ability is correlated with virulence in studies of
infected mice11. We selected two S. cerevisiae genetic backgrounds
for study. YJM145 is a homozygous diploid strain8 that was
generated from a heterozygous clinical isolate obtained from the
lung of an AIDS patient12. In contrast, S288c, a commonly used
haploid laboratory genetic background for which the whole genome
sequence is known, was derived from a strain isolated from a rotten
®g13.
The respective Htg phenotypes of YJM145, S288c and a diploid
hybrid of the two strains (designated YJM145/S288c) were deter-
mined by using a colony-size assay (Fig. 1a) and a quantitative
competition assay (Fig. 1b). Both assays showed that a diploidized
S288c strain grows poorly at high temperature (Htg-) relative to
YJM145 (Htg+). In addition, both assays demonstrated that the
hybrid displays heterosis. These data suggested that Htg is co-
dominant and that both the clinical and the laboratory genetic
backgrounds contain alleles that contribute to the Htg+ phenotype
of the hybrid.
To analyse the heritability of the Htg phenotype, we sporulated a
hybrid that was generated by crossing YJM789, a haploid strain
isogenic with YJM145, with S96, a haploid strain isogenic with
S288c. Each haploid progeny (segregant) was tested for growth at
41 8C with the use of the colony size assay. The segregants exhibited a
wide range of Htg phenotypes, but, interestingly, none of the
segregants were as Htg+ as the hybrid. Only 104 of 960 segregants
(240 tetrads) were at least as Htg+ as YJM789 and were selected for
further analysis. At this Htg+ threshold, de®ning Htg+, the 1:9
inheritance ratio predicted at least 3.2 underlying genetic loci (1/9
= 1/23.2). However, because Htg is quantitative and could be
conditioned by combinations of alleles that are each neither
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Figure 1 Analysis of the high-temperature-growth phenotype (Htg). a, Qualitative
differences measured by colony size; b, quantitative differences in growth measured by
competition assay after 48 h at 30 and 41 8C: (i) S1029, an Htg- S288c strain, (ii)
YAG040, an Htg+ YJM145 strain, and (iii) XHS123, a YJM145/S288c hybrid. Bars indicate
s.e.m. (n = 6).
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